INTRODUCTION
Materials that possess a negative index of refraction have become a remarkable research area in recent years because of their interesting properties and novel applications. The intriguing physics of a medium having a negative refractive index was discussed by Veselago theoretically nearly four decades ago [1] . Veselago predicted that a medium with simultaneous negative permittivity along with negative permeability exhibits unusual physical properties; among them are negative refraction, reversal of Doppler shift, and backward Cerenkov radiation. In the pioneering work of Pendry et al., a metallic thin wire grid was shown to exhibit a plasma frequency in the microwave regime, below which the effective permittivity takes negative values [2] . Thereafter, a splitring resonator (SRR) structure is proposed to have () Ͻ 0 near the magnetic resonance frequency [3] . Experimental realization of left-handed metamaterials (LHM) was achieved by arranging () Ͻ 0 media and () Ͻ 0 media periodically [4, 5] . A left-handed transmission band was observed at the frequencies where both and are negative. This was later followed by the direct measurement of a negative refractive index by means of different methods [6 -8] . Recent experimental and theoretical studies have reported the exotic electromagnetism of LHMs, such as negative phase velocity [7, 9] , backward wave radiation [10] , and perfect lens behavior [11] . Special interest was given to the perfect lens phenomena where the amplitude of evanescent waves are restored, enabling the so-called subwavelength focusing. Aydin et al. recently reported subwavelength focusing by using a LHM flat lens [12] . Most of the experimental measurements on LHMs are performed on microwave frequency region; but there is a tendency to increase the operation frequency up to terahertz [13, 14] and even optical frequencies [15] .
It is possible to define the LHM with effective medium parameters, since the operation wavelength is much greater than the unit size and lattice constant of the constituents. Electromagnetic wave propagation through media with simultaneously negative values of permittivity and permeability were studied extensively in the literature [16 -18] . Significant amount of theoretical analyses were made to obtain effective permittivity and permeability values by using various retrieval procedures [19 -25] . Parameters are retrieved by using the transmission and reflection coefficients. Although different approaches are used for the retrieval procedures, the LHMs were shown to be characterized by the effective parameters of permittivity ( eff ) and permeability ( eff ), and even refractive index (n eff ) and impedance (Z eff ).
In this study, we present the experimental measurements on one-dimensional (1D) and two-dimensional (2D) LHMs. Finite difference time domain (FDTD) simulations were performed to compare the experimental results. Effective permeability and permittivity values were retrieved from the simulated transmission and reflection coefficients. Impedance was shown to be matched to the free-space impedance at a narrow frequency region, which also corresponds to the frequency of the dip in the reflection spectrum.
REFLECTION FROM 1D LHM
The common design to construct a LHM is to arrange SRRs and wires in a periodic manner. The LHM samples that were used in the reflection measurements are obtained by patterning SRRs on the front side and the continuous wires on the other side of the dielectric board. A schematic picture of such a composite LHM is given in Figure 1(a) . The darker patterns belong to the thin metal sheet and the lighter patterns belong to the dielectric board. The dielectric board is an FR4 printed circuit board (PCB) and the deposited metal is copper. The geometrical parameters of the SRR and wire can be found in a previous work [5] .
The experimental measurement setup for measuring the reflection coefficient consists of a HP 8510C network analyzer and standard high-gain microwave horn antennas. The incident EM wave propagates along the x direction, while E is along the y direction, and H is along the z direction [see Fig. 1(a) for the directions]. Transmitter and receiver horn antennas were placed close to each other by keeping the angle between the antennas very small. The schematic picture depicting the top view of the experimental setup is given in Figure 1 (c). The transmitter horn antenna sends the EM wave to the first surface of the structures and the receiver antenna measures the amplitude of the reflected EM waves. For calibration purposes, we placed a thick (ϳ2 cm) slab of metal at a distance of 12 cm away from the antennas. Since metals reflect all of the incident EM waves at microwave frequencies, the reflection data from the metal can be set as the calibration data. The structures were then placed at the same distance from the antennas and the reflection coefficient was measured. It is worth mentioning at this point that the reflection measurements were all performed in free space rather than a waveguide environment. Therefore, we measure the reflections only from the surface of the LHM.
LHM is periodic along the x and y directions with a lattice constant of a x ϭ a y ϭ 8.8 mm. The periodicity along the z direction is achieved by stacking planar SRR planes with a lattice constant of a z ϭ 6.5 mm. The number of unit cells along the x, y, and z directions are N x ϭ 5, N y ϭ 20, and N z ϭ 25. The structure could respond to the EM wave only in one direction; therefore, the LHM is considered to be 1D. The measured and calculated reflection spectra of 1D LHM are provided in Figure 2 . This structure was previously shown to exhibit true left-handed behavior with a transmission band between 3.55 and 4.05 GHz [5] . The effective permittivity and permeability were both negative at these frequencies. As clearly seen in Figure 2 , both the experimental data and numerical simulations show a sharp dip in the reflection spectra of 1D LHM. The dip in the reflection spectrum is measured at 3.75 GHz with a dip value of Ϫ39.9 dB. FDTD simulations were performed to check the experimental results. The simulation results also calculated a similar dip in the reflection. In this case, the dip is located at 3.72 GHz and the reflection at this frequency is Ϫ40.2 dB. The agreement between the experimental results and theoretical calculations is quite good.
We also performed reflection measurements on a composite metamaterial (CMM), where the SRR structure was replaced with two concentric rings without splits [ Fig. 1(b) ]. The splits in the SRR structure play a key role for obtaining magnetic resonance. Removing the splits will prevent current from flowing between the inner and outer rings. Since there is no more current flowing between the concentric rings, the magnetic resonance will be destroyed [5, 26] . The resulting structure is called a closed ring resonator (CRR) as a convention. The transmission spectrum of CMM composed of CRR and thin wire arrays can be found in previous work [5] . The left-handed transmission band is no longer present for the CMM case, because the magnetic permeability is positive because of lack of magnetic resonance. The measured reflection spectrum of CMM is shown in Figure 3 with a dasheddotted line. The CMM structure reflects most of the incident EM waves throughout the frequency spectrum. However, the EM waves incident to the LHM structure around 3.75 GHz are nearly transmitted through the LHM without being reflected at the surface. This measurement indicates that the negative permeability of SRRs is responsible for the dip in the reflection spectrum of LHMs.
IMPEDANCE MATCHING
Before we commence retrieving the effective parameters of the LHM, we need to recall the reflection coefficient of an EM wave for the electric field perpendicular to the plane of incidence case [27] :
In the above formula, the EM wave is assumed to be incident from the air to the LHM surface with an incident angle of i . The refractive index is given by n ϭ ͱ and the impedance of the medium is Z ϭ ͱ/. For free space, 0 ϭ 0 ϭ 1 and therefore n 0 ϭ 1 and Z 0 ϭ 1. For i ϭ 0, the EM waves are normally incident to the LHM surface. Equation (1) is reduced to:
where Z 1 is the impedance of the LHM and Z 0 is the free-space impedance. It is obvious from Eq. (2) that if the impedance of the LHM is matched to free space, the reflection coefficient will be zero. Naturally occurring materials are not matched to free space. However, LHM has an advantage in achieving impedance matching, since their effective permeability and permittivity are strongly frequency dispersive. One can control the permeability and permittivity of the LHM layer, and impedance matching can therefore be obtained.
Since the impedance is defined as Z ϭ ͱ/, one expects to have an impedance-matched medium for the case where the real parts of the effective permittivity and the permeability are equal ( eff ϭ eff ). We have employed the retrieval procedure to obtain effective parameters Z eff , eff , and eff . We followed the approach outlined in Ref. [21] . The advantage of this procedure is that the correct branch of the effective refractive index and effective impedance was selected. The ambiguity in the determination of the correct branch is resolved by using an analytic continuation procedure. In the retrieval procedure, we employed a single layer of LHM along the propagation direction [x axis in Fig. 1(a) ]. The periodic boundary conditions were set along the other directions (y and z axes). Hence, the simulation setup coincides with a slab of LHM that consists of single layer. The effective permittivity and permeability values were then derived from the transmission and reflection coefficients of the single layer of LHM. Figure 4 displays the real parts of, , , and Z. Dielectric permittivity is negative below the plasma frequency f ϭ 8 GHz [5] . Effective magnetic permeability of LHM is strongly dispersive around the magnetic resonance frequency, and approaches ϭ 1 for the lower and upper frequency limits. At the frequency f ϭ 3.71 GHz, the real parts of permittivity and permeability are equal, ϭ ϭ Ϫ2.92. Therefore, at this specific frequency, the condition Z 0 ϭ Z 1 ϭ 1 is satisfied. The simulated reflection spectrum exhibits a dip at 3.72 GHz. Therefore, the ultralow reflection observed in experiments and theoretical calculations is due to the impedance matching of LHM to free space.
Matching the impedance of LHM to free-space impedance is an important advance, since such a behavior is required for obtaining a perfect lens. Perfect lens was proposed by Pendry, which restores not only the phase of propagating waves but also the amplitude of evanescent modes by virtue of a negative refractive index [11] . The condition for satisfying such a perfect imaging mechanism is to use a material with ϭ ϭ Ϫ1. Then, the refractive index will be n ϭ Ϫ1 and the impedance is perfectly matched to free space, since Z ϭ 1. It is proven that the sign of refractive index is negative, and the impedance is positive for negative permittivity and permeability values [16] .
The first interface of such a perfect lens shows no reflection. Additionally, at the second interface, EM waves are perfectly transmitted into free space. It is easily deducible from Eq. (1) that such a structure is perfectly matched to free space for all angles of incidences. Optical properties of an impedance matched medium for n ϭ Ϫ1 and n Ϫ1 were investigated by means of theoretical calculations [28] .
The LHM structure proposed here is impedance matched to the air only for the normal incidence of EM waves. As seen in Eq. (1), the angular part will contribute to the reflection coefficient for the angles of incidence I 0, since the refractive index of LHM is n Ϫ1. The reflection may be minimized by matching the impedance, provided that the values of the refractive indices are similar.
The impedance-matched frequency range is narrow as seen in Figure 2 . It is expected to have a narrow frequency range for matched impedance, since eff of SRRs is known to vary rapidly between the magnetic resonance ( mo ) and magnetic plasma frequencies ( mp ), although eff of wires varies slowly throughout the frequency spectrum.
Although the reflection spectra of SRR-only and wire-only media were studied previously [29, 30] , to our knowledge, no experimental evidence of impedance matched LHM exists. Impedance matching at the surface of a metamaterial is desirable, since it reduces the complications of the front face reflections, and assures that the negatively refracted beam is not the result of any experimental artifacts. Therefore, much more energy will be transferred inside the LHM at the impedance-matched frequencies. Moreover, the losses due to the reflection will be minimized and higher transmission values can be obtained.
In this section, we investigate the reflection characteristics of a 2D LHM structure. 2D LHM is constructed by stacking SRR planes along the x and z directions with lattice spacings of a x ϭ a z ϭ 9.3 mm. The periodicity of SRRs along the y direction is a z ϭ 9.3 mm, whereas the wires are continuous along the y axis [7, 8] . The number of unit cells is along the y and z axes and are N y ϭ 20 and N z ϭ 40. We have employed 2D LHM samples with two different numbers of layers along the propagation direction of EM waves. Reflection spectra of these two different numbers of layers are plotted in Figure 5 . The dip at the reflection spectrum of LHM with N x ϭ 5 layers (solid line) was measured to be at 3.78 GHZ with a dip value of Ϫ41.6 dB. For N x ϭ 10 layers (dashed-dotted line), the dip is observed with a value of Ϫ36.1 dB at 3.77 GHz. Similar to the 1D LHM structure, 2D LHM reflects nearly all of the incident EM waves for a narrow frequency region. As clearly seen in Figure 5 , the frequency did not change considerably although the structure's thickness was doubled. Therefore, this low reflection frequency regime cannot be due to the thickness resonance or Fabry-Perot resonance. The EM waves are mainly reflected from the first surface of LHMs; changing the size of LHM would not affect the impedance-matched frequency. Since the reflection is mainly from the first surface of LHM, we investigated the effect of inserting dielectric material at the air-LHM interface on the reflection properties. We placed dielectric material with two different thicknesses and observed the change in the reflection spectra. Figure 6 plots the measured reflection spectra of LHM with dielectric boards of thicknesses w ϭ 3.2 mm (dashed-dotted) and w ϭ 6.4 mm (dotted) placed in front of LHM structure. Therefore, we corrugated the surface and the EM waves faced the dielectric boards before reaching the LHM surface. The frequency where the reflection dip was observed in turn shifted to higher frequencies along with the increased thickness of dielectric board. For the thickness w ϭ 3.2 mm, the minimum reflection was measured as Ϫ38.5 dB at the 3.82 GHz, whereas for the w ϭ 6.4 mm case, the frequency of the lowest reflection value (Ϫ29.7 dB) was observed at 3.88 GHz. These measurements clearly indicate that the impedance-matched frequency may be tuned by placing dielectric materials and subsequently corrugating the LHM-air interface.
CONCLUSION
In summary, we investigated the reflection characteristics of 1D and 2D LHM structures experimentally in free space. We observed a very sharp dip in the reflection spectra for both structures. The reflection was very low at 3.75 GHz with a dip value of Ϫ39.9 dB for 1D LHM, whereas for 2D LHM, the minimum reflection was Ϫ41.6 dB at 3.78 GHz. FDTD simulations were performed to obtain the reflection coefficient of 1D LHM. The numerical simulations are in good agreement with the experimental data. Effective parameters of the LHM structure were retrieved by using the retrieval procedure. Permittivity and permeability were both negative and equal at 3.71 GHz, implying that the impedance was matched to free space. We have confirmed that the frequency of the reflection dip did not change considerably with the change of number of unit cells along the propagation direction. Hence, this characteristic cannot be attributed to thickness resonance. The observed low reflection is due to the impedance matching between the air and LHM interface. This is an important advancement in metamaterial development, as when and are both equal and negative, a well-matched, negative index material is obtained.
